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Stroke-induced immunosuppression is a process that leads to peripheral suppression of the immune
system after a stroke and belongs to the central nervous system injury-induced immunosuppressive
syndrome. Stroke-induced immunosuppression leads to increased susceptibility to post-stroke
infections, such as urinary tract infections and stroke-associated pneumonia, worsening prognosis.
Molecular chaperones are a large class of proteins that are able to maintain proteostasis by
directing the folding of nascent polypeptide chains, refolding misfolded proteins, and targeting
misfolded proteins for degradation. Various molecular chaperones have been shown to play roles

in stroke-induced immunosuppression by modulating the activity of other molecular chaperones,
cochaperones, and their associated pathways. This review summarizes the role of molecular
chaperones in stroke-induced immunosuppression and discusses new approaches to restore host
immune defense after stroke.
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Introduction

Stroke is a fairly common and fatal cerebrovascular disease, affecting 13.7
million people worldwide, and approximately 5.5 million people die each year
from stroke (GBD 2016 Stroke Collaborators, 2019). One out of every four
adults is at risk of stroke (GBD 2016 Stroke Collaborators, 2019). With its high
incidence and mortality, stroke has become the second leading cause of death
worldwide.

The immune and nervous systems communicate with each other via
many pathways to maintain the homeostasis of the two systems under
physiological conditions. Severe brain damage, such as stroke, can upset
this balance and cause a series of changes in both systems. Stroke-induced
immunosuppression (SIIS) is a process that leads to peripheral suppression of
the immune system after stroke and is part of central nervous system (CNS)
injury-induced immunosuppressive syndrome (Chamorro et al., 2007). Acute
brain injury caused by stroke as well as subsequent repair involve a large
number of immune responses (Woiciechowsky et al., 1999). During a stroke,
the damaged brain weakens the function of immune cells, eventually leading
to suppression of the immune system (Qin et al., 2020). A considerable
number of studies have shown that systemic immunosuppression predisposes
patients to infection, thereby contributing to mortality and morbidity from
related diseases after stroke (Meisel and Meisel, 2011; Wong et al., 2011).
Stroke-associated infections, including pneumonia and urinary tract infections,
are complications of stroke, and stroke-associated infections worsen patients’
conditions and increase mortality (Eltringham et al., 2018). In particular, lung
infections are a major complication of stroke and have a profound effect on
clinical outcomes (Suda et al., 2018).

Molecular chaperones are a family of proteins that mediate the proper
assembly of other proteins but are not themselves components of the final
functional structure (Pipadn et al., 2021). They are broadly defined as proteins
that interact with the unnatural state of other protein molecules. Chaperones
can be divided into groups based on sequence homology, with the heat
shock proteins (Hsps) being one such well-known group. Hsps are so named
because they are induced and synthesized under stressful conditions such
as heat shock or oxidative stress, and the stability of some cellular proteins
is disrupted during this synthesis (Albakova and Mangasarova, 2021). The
chaperones in each group are named according to their molecular weights,
and, based on this nomenclature, there are Hsp110s, Hsp90s, Hsp70s,
Hsp60s, and small Hsps (sHsps), among others. Molecular chaperones
have multiple functions; in addition to protein folding, chaperones play an
important role in assembling macromolecular complexes, facilitating protein
transport and degradation, and promoting the dissociation and refolding
aggregation of denatured proteins (Burston and Clarke, 1995; Kim et al.,
2013). More importantly, emerging evidence has suggested that chaperones,
such as Hsps, also act on the immune system; for example, some have anti-
inflammatory effects (Jeffery, 2009; Henderson and Pockley, 2010). This
review specifically addresses the roles that molecular chaperones play in SIIS.

Search Strategy

An electronic search of the PubMed database was performed for articles
published between 1974 and 2022. Search terms included “(molecular
chaperones) AND (stroke)”; “(stroke-induced immunosuppression) AND
(molecular chaperones)”; and “(heat shock protein) AND (stroke)”. Results
were further filtered by title and abstract and selected based on their
relevance.

Mechanisms and Characteristics of Stroke-
Induced Immunosuppression

The presence of peripheral immunosuppression in patients after a stroke is
thought to be an important cause of increased susceptibility after a stroke
(Faura et al., 2021). First, brain-derived neurogenic innervation controls
systemic immunity (Shim and Wong, 2016). The CNS includes the brain
and spinal cord, and the peripheral nervous system includes cranial nerves,
spinal nerves, and autonomic nerves. Via the hypothalamic-pituitary-adrenal
(HPA) axis, the sympathetic nervous system (SNS), and the parasympathetic
nervous system (PSNS), the CNS releases various soluble molecules such as
cytokines, hormones, neurotransmitters, and neuropeptides (Procaccini et al.,
2014). In this way, the CNS precisely regulates the body’s immune response
to neutralize invading pathogens, repair damaged tissue, and modulate the
host’s response to pathogens (Shim and Wong, 2016).
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SNS activation eventually leads to the rapid release of catecholamines from
sympathetic nerve endings and the adrenal medulla (Madden, 2017), which
causes a rapid and transient increase in granulocytes and blood lymphocytes.
However, long-term exposure to catecholamines reduces the number of
circulating lymphocytes (Ince et al., 2018). The PSNS induces rapid, timely,
and local regulation of immune function through the cholinergic anti-
inflammatory pathway. The anti-inflammatory roles of glucocorticoids, the
final products of the HPA axis, are well established, and they also play a role in
immunosuppression. This prevents inflammation by inhibiting the production
of many pro-inflammatory cytokines, including interleukin (IL)-1f, tumor
necrosis factor alpha (TNF-a), and IL-8. Conversely, it enhances the release of
anti-inflammatory cytokines such as IL-10 and TNF-a (Kokubo et al., 2022).

When stroke occurs, brain damage induces the activation of neurogenic
pathways including the SNS, HPA axis, and PSNS. Noradrenaline, acetylcholine,
and glucocorticoids are mediators in these systems (Felten et al., 1987; Liu et
al., 2017). Together, they affect the magnitude and intensity of the systemic
immune response. Severe brain damage resulting from a stroke can disrupt
the homeostasis of the immune and nervous systems and lead to a number
of related changes in the two systems (Liu et al., 2016). Many studies have
investigated how strokes affect the immune system. SIIS is a very easily
recognized phenomenon, and there are two main explanations for its causes.
First, the brain attempts to suppress the immune system to prevent further
brain inflammation (Han et al., 2021), and this systemic immunosuppression
occurs as a compensatory mechanism for brain injury, which is a defense
mechanism; however, this also makes the host more susceptible to infection.
This claim is based on the fact that stroke damages the blood-brain barrier
(BBB), increasing its permeability, in which case many peripheral immune
cells cross the BBB into the brain parenchyma (Pluta et al., 2022). This theory
is also supported by a study showing that post-stroke infections predispose
patients to autoimmunity against brain antigens (Becker, 2012). The second
theory is that persistent inflammation early after a stroke may deplete the
immune system, and immunosuppression is the result of this process (Becker,
2012).

Recent research has indicated that there may be two main mechanisms
behind SIIS—a humoral pathway and a neural pathway. The humoral
pathway gets its name because it is mechanistically regulated by changes in
humoral immunity. Neurotransmitters and neuropeptides are all chemicals
in this pathway. Following a stroke, an inflammatory cascade is activated
by the release of damage-associated molecules by damaged and dying
cells, resulting in neuroinflammation and damage to the ischemic area
and surrounding areas of brain tissue. Damaged brain tissue produces the
proinflammatory cytokines IL-1, TNF-a, and IL-6, among others. These
inflammatory factors are characterized by their neurotoxicity, and, in addition
to this neurotoxicity, they induce the production of additional cytokines and
chemokines by other brain cells. Chemokines, like CXC chemokine receptor 3,
are produced after stroke and can induce neuronal death. Chemokines do this
by directly inducing neuronal death through neuronal receptors and can also
indirectly induce neuronal death by microglial activation (Altara et al., 2016).
In the damaged brain, IL-1 and TNF-a are produced primarily by activated
microglia but may also be secreted by other brain cells, including astrocytes,
endothelial cells, and neurons (Shi et al., 2019). These inflammatory factors
reach areas of the brain that are chemically sensitive to immune control,
such as the hypothalamus, where they can, in turn, activate the SNS, PSNS,
and HPA axis (Rockstrom et al., 2018). Through such stimulation, peripheral
levels of corticotropins, glucocorticoids, and catecholamines are elevated.
Adrenergic receptors are widely distributed among immune cells, almost all
of which contain adrenergic receptors. Based on the widespread distribution
of adrenergic receptors and its pleiotropic effects, noradrenaline can reduce
the number and activity of immune cells. The glucocorticoids produced
by post-stroke stress-induced stimulation of the HPA axis are proven
immunosuppressants. They cause a reduction in peripheral lymphocytes
and produce immunosuppression. In addition, increased permeability of the
BBB is part of the humoral pathway that leads to SIIS, due to the release of
brain inflammatory mediators, oxidative stress, and other factors (Pluta et al.,
2022). The increased permeability of the BBB allows many peripheral immune
cells to infiltrate the brain parenchyma. At different times, this infiltration
plays different roles, damaging the brain’s structure or promoting tissue repair
(ladecola and Anrather, 2011; Chamorro et al., 2012).

Unlike the humoral pathway, the neural pathway concerns the disruption
of the CNS and its hard-wired circuits to the secondary lymphatic system
caused by a stroke or other brain injuries, leading to immunosuppression. The
neural pathways that lead to SIIS are not dependent on cytokine signaling in
the brain. Without the initial involvement of any immune mechanism, injury
to the part of the nervous system that controls nerve-immune interactions
(such as the hypothalamus) can lead to neurogenic anti-inflammatory signals
(Lehmann et al., 2014). Meyer et al. (2004) reported that stroke could lead to
autonomic dysfunction in patients. Studies of lateralization of the autonomic
nervous system in the brain have also demonstrated the neural pathways
underlying SIIS, the severity of which depends on the location of the stroke.
Compared with patients with left-sided hemiplegia, skin T-lymphocyte
activity was markedly reduced ipsilateral to the affected cerebral hemisphere
in patients with right hemiplegia, suggesting that stroke leads to stronger
immunosuppression when the right side is involved (Honda and Kabashima,
2016). Research has also shown that neural pathways work primarily via
SNS regulation of the immune system. Recent studies have shown that SNS
fibers were distributed in all primary and secondary immune organs, such as
bone marrow and the thymus, spleen, and lymph nodes. The SNS regulates
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immune function by releasing catecholamines from efferent nerves (Ahmari
et al., 2020). Stroke increases SNS discharges, which increases levels of
catecholamine neurotransmitters. The number of circulating lymphocytes
may decrease as the catecholamine level continues to increase, leading to
atrophy of immune organs and reductions in immunity, ultimately greatly
increasing the chances of infection (Vogelgesang et al., 2014). However, far
less research has been done on the neural pathways after stroke than on the
humoral pathways.

Combining the neural and humoral pathways, there is a positive correlation
between the severity of brain injury, infarct volume, and severity of
neurological deficits and the degree of immunosuppression after stroke
(Westendorp et al., 2022). Neural pathways play crucial roles in SIIS, and
the degree of nerve damage is a key factor; however, the degree of nerve
damage caused by brain inflammation after stroke has important effects on
humoral pathway-mediated immunosuppression after a stroke (Westendorp
et al., 2022). As a result, neuroprotection during stroke can affect post-stroke
immunosuppression by affecting both the neural and humoral pathways
(Shi et al., 2018). Investigators have demonstrated that immunosuppression
is more pronounced in patients with severe infarction and severe
neurological deficiency (ladecola et al., 2020). Reducing brain damage after
a stroke or taking neuroprotective measures can be effective in relieving
immunosuppression. For example, when administered after surgical induction
of a rat model of middle cerebral artery occlusion (MCAQ), B-adrenergic
receptor antagonists (such as propranolol) showed neuroprotective effects,
reducing infarct volume and improving neurological scores (Goyagi et
al., 2010). Stroke mortality and stroke-associated pneumonia rates were
also reduced in patients with stroke who received B-blockers, and stroke-
associated pneumonia rates were also reduced in patients who received
B-blockers before a stroke (Sykora et al., 2015).

Molecular Chaperones

Molecular chaperones are a large class of proteins that assist in the assembly
and disassembly of other macromolecular structures; the molecular
chaperones themselves are not part of the final functional structure (Freilich
et al., 2018). Molecular chaperones can be divided into different groups
according to their sequence homology. At present, most attention is paid to
the Hsp family, such as Hsp40s, Hsp60s, Hsp70s, Hsp90s, and Hsp100s, among
others. The primary function of molecular chaperones is mediating the proper
assembly of other proteins and maintaining protein homeostasis by balancing
protein folding, quality control, and turnover (Ellis, 1990; Freilich et al., 2018).
Here, we focus on the role of chaperones in immunity and stroke.

Since Campbell and Scanes (1995) introduced the term “protein
moonlighting” to describe the immune function of “endocrine peptides”, an
increasing number of proteins from prokaryotes and eukaryotes have been
shown to have moonlighting functions. The part-time function of chaperones
has also been increasingly studied. For example, molecular chaperones play
roles in cell death (Hoter et al., 2018). Studies have shown that some Hsps are
effective inducers of innate and adaptive immunity, acting through Toll-like
receptors, dendritic cells, and natural killer cells, and play important roles in
major histocompatibility complex antigen processing and presentation (Lahaye
et al.,, 2012; Stepp and Menko, 2021). Furthermore, Hsps exert cytoprotective
effects by modulating inflammatory cascades, preventing inflammatory
responses that activate proinflammatory cytokines such as TNF-a and,
thereby, attenuating chronic inflammation (lkwegbue et al., 2019).

The Hsp family of molecular chaperones plays an important role in
neuroprotection by maintaining protein homeostasis and inhibiting apoptosis
and the nuclear factor kappa B (NF-kB) pathway (Penke et al., 2018). Hsps
could also prevent neurodegeneration and promote memory recovery in an
animal model of Alzheimer’s disease (Zatsepina et al., 2021). In brief, Hsps can
exert neuroprotective effects in a variety of ways.

Molecular chaperones also play crucial roles in stroke. van der Weerd et al.
(2010) demonstrated that overexpression of Hsp27 played an important
neuroprotective role in a mouse model of permanent MCAO. Findings from
a study by (Liebelt et al., 2010) suggested that exercise reduced neuronal
damage in stroke by upregulating Hsp70.

The Role of Chaperones in Stroke-Induced
Immunosuppression

Sigma-1 receptors

Sigma-1 receptors were originally thought by (Martin et al., 1976) to be a
subtype of opioid receptors but the well-defined sigma-1 receptor is now
seen as a uniqgue membrane-associated protein. It is mainly enriched in the
endoplasmic reticulum and is a ligand-regulated chaperone. This review
focuses on the neuroprotective roles of the sigma-1 receptor in stroke and its
possible association with SIIS.

Ooi et al. (2021) reported that sigma-1 receptors attenuated SNS over-
activation in stressed rats. Ajmo et al. (2006) conducted a study of 1,3-di-
o-tolylguanidine, which is a non-selective sigma-1/sigma-2 receptor ligand.
Their results indicated that subcutaneous injection of 15 mg/kg 1,3-di-o-
tolylguanidine 24 hours after MCAO model induction in rats significantly
reduced the infarct size in the striatum and hippocampus. They, therefore,
hypothesized that 1,3-di-o-tolylguanidine may exert its neuroprotective
effects during stroke by acting as a sigma-1 receptor agonist (Ajmo et al.,
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2006). In addition, many other sigma-1 receptor ligands exert neuroprotection
by affecting sigma-1 receptors, such as antitussive agents and dimethyl
morphine, which showed neuroprotective effects in a rat MCAO model
(Shen et al., 2008). Sigma-1 receptor ligands exert neuroprotective effects
by affecting sigma-1 receptors and dehydroepiandrosterone (Albayrak and
Hashimoto, 2017). In the above studies, sigma-1 receptors attenuated SNS
over-activation, and many sigma-1 receptor ligands exerted neuroprotective
effects in stroke by influencing sigma-1. Neuroprotection has a strong effect
on the degree of SIIS, so sigma-1 receptors may be a promising research
direction.

Hsp70

Hsp70 is a widely studied protein in the Hsp family that can promote the
folding or utilization of proteins, especially those damaged by stress factors
(Mordn Luengo et al., 2019). Hsp70 can affect the CNS, which is strongly
involved in the development of SIIS (Ekimova et al., 2010). In stroke,
overexpression of Hsp70 protected brain cells from ischemic injury (Kim et al.,
2018), and inhibition of Hsp70 synthesis was shown to increase the severity of
cerebral infarction. As shown in cultured neurons and in vivo animal models,
secreted and recombined Hsp70 had neuroprotective effects (Evgen’ev et al.,
2017).

Hsp70 can affect the CNS by antagonizing y-aminobutyric acid (GABA)
receptors. The most important function of GABA is as an inhibitory
neurotransmitter in the CNS, but it is also present in the pancreatic islets and
blood, with similar inhibitory effects on immune cells. In cerebral ischemia,
the imbalance between excitatory and inhibitory postsynaptic potentials is
considered to be one of the major factors leading to neuronal death, while
the disruption of GABA-mediated inhibition is the major cause of neuronal
hyperexcitability (Ahnaou and Drinkenburg, 2021). In studies of chemically
induced epilepsy, the GABA-synthesizing enzyme glutamic acid decarboxylase
67 (GAD67) helped maintain GABA levels in the CNS. Furthermore, co-
immunoprecipitation analysis showed a physical association between Hsp70
and GAD67 in the bodies and terminals of GABA-ergic neurons, with Hsp70
colocalizing with GAD67. An in-depth study found that Hsp70 could regulate
the function of GAD67 (Ekimova et al., 2010). Furthermore, by studying the
anatomical connections between CNS nerves and the peripheral immune
organs via the HPA axis, researchers have demonstrated a link between GABA-
induced CNS and peripheral inflammatory responses (Reyes-Garcia et al.,
2007). Innate and adaptive immune cells such as microglia, macrophages, and
T-cells all express functional GABA receptors, and these cells have enzymes
that synthesize or decompose GABA. For example, GABA was found to
regulate the release of pro- and anti-inflammatory cytokines from CD4" T-cells
(Bhandage et al., 2018). GABA also has been shown to alter cell proliferation
and cytokine secretion in a concentration-dependent manner and reduce the
release of most inflammatory cytokines (Abg Abd Wahab et al., 2019). Thus,
Hsp70 can affect the CNS by regulating the inhibitory function of GABA and
can affect the peripheral immune system.

The induction of Hsp70 is mediated by heat shock factor (HSF) 1. Under
steady-state conditions, Hsps are normally bound to HSFs and are located
within cells (van Eden et al., 2017). When denaturation stimuli such as
ischemia occur, cellular Hsps detach from HSFs and bind to denatured
or aggregated proteins (van Eden et al., 2017). During stroke, Hsp70 is
synthesized in large amounts to restore the denatured proteins to their
tertiary structure, a process that requires Hsp70, Hsp40, Hsp90, and
adenosine triphosphate. These proteins form complexes that bind denatured
proteins, enabling metamorphic protein repair and refolding through
chaperone functions that can ultimately maintain protein homeostasis (Zhao
etal., 2012).

During a stroke, cerebral blood flow ceases or decreases, and subsequent
reperfusion of nerve tissue initiates a series of signaling pathways that
ultimately lead to cell damage and death. In non-stressed and steady-state
conditions, Hsp70 in the brain acts like other Hsps mentioned above, with
very little inducible Hsp70 being present (also known as Hsp72). However,
Hsp72 increases sharply after injury, and it may be the most highly induced
protein expressed in response to stress. In earlier studies, investigators
observed initial Hsp70 induction in penumbra neurons as well as in astrocytes
in an experimental stroke model (del Zoppo et al., 2011).

As an inducible form of Hsp70, the neuroprotective role of Hsp72 in stroke
has been demonstrated (Wang et al., 2019). It belongs to the extracellular
Hsps, which can be used as “danger signals” for immune cells to promote
immune responses and improve host defense (Campisi et al., 2012). The
expression of Hsp72 in the brain of healthy mice has been shown to be low
(Sharp et al., 2013), and it is upregulated in the brain after stroke. Hsp72 is
induced in large amounts in neurons of the penumbra or ischemic core, and
there is an inverse correlation between the percentage of old and newly
formed Hsp72-containing neurons and prognosis after ischemic brain injury
(Nowak and Jacewicz, 1994; Kim and Lee, 2007). Furthermore, Hsp72 is
downregulated in peripheral blood, and SIIS may be associated with Hsp72
based on its immunosuppressive activity (Gruden et al., 2013).

Wang et al. (2019) studied the effects of Hsp72 on neurons in a rat MCAO
model using motor preconditioning, showing that motor preconditioning
retained old Hsp72-containing neurons and newly formed Hsp72-containing
neurons, therefore playing a marked neuroprotective role in ischemic brain
injury. Many other studies have yielded similar results; transfection of Hsp72
and viral overexpression ameliorated the damage caused by cerebral ischemia
in cellular models; the use of geldanamycin, an inducer of Hsp72, reduced
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ischemic brain damage in animal models (Kwon et al., 2008); and knockout
of Hsp72 aggravated ischemic brain damage in animal models (Lee et al.,
2004). Therefore, the neuroprotective effects of Hsp72 after a stroke may be
a promising research direction for the treatment of SIIS.

When using viral vectors to overexpress Hsp70 in neurons and astrocytes,
(Giffard and Yenari, 2004) found that neurons and astrocytes overexpressing
Hsp70 were more resistant to ischemia and ischemic-like injury. Similarly,
experiments in animal models have found that transgenic mice overexpressing
Hsp70 in the brain had better neurological performance after a stroke, and a
lack of Hsp70 worsened the results in a similar model (Lee et al., 2001). The
neuroglia (microglia and astrocytes) are essential components of the CNS.
Thus, the protective effects of Hsp70 on neuroglia is a promising research
direction for SIIS.

The mechanisms underlying the protective effect of Hsp70 on neurons
and astrocytes involved Hsp70 inhibition of apoptosis. Ischemic injury
preferentially induces cell death through apoptotic mechanisms, which can
be divided into intrinsic pathways that occur at the level of mitochondria
within the cell and extrinsic pathways that are triggered by cell surface
receptors (Parsons and Green, 2010). Hsp70 affects both pathways. In the
intrinsic pathway, Hsp70 plays a role in the apoptosis mechanisms in both
upstream and downstream of mitochondria. In the upstream pathway, Hsp70
could interrupt cytochrome C release in an experimental stroke model and
prevented apoptosis-inducing factor translocation to the nucleus, thereby
inhibiting apoptosis (Tsuchiya et al., 2003). In the downstream pathway,
translocation of Bax, a pro-apoptotic B-cell lymphoma-2 family member, led
to heat-induced apoptosis, and Hsp70 could block the translocation of Bax
to suppress this apoptosis (Stankiewicz et al., 2005). In extrinsic pathways,
recent studies have shown that Hsp70 could prevent transport of Fas (also
known as CD95) to the cell surface by interacting with dynamin (which
transports Fas to the cell surface), thus preventing binding to Fas; as a result,
caspase-8 activation and cell death were inhibited (Kim et al., 2016).

Studies have shown that after stroke, as an anti-inflammatory factor, Hsp70
could regulate inflammation through pro-inflammatory or anti-inflammatory
mechanisms based on its intracellular or extracellular status (Manaenko et
al., 2010; Guo et al., 2018). When Hsp70 is inside cells, it suppresses the
immune response; while outside the cell, it seems to enhance the immune
response (Martin et al., 1976; Kim et al., 2018). Manaenko et al. (2010) found
that Hsp70 induction in a model of cerebral hemorrhage reduced TNF-a
expression, maintaining the integrity of the BBB. It alleviated brain edema and
reduced neurological functional deficits. Further, other studies have shown
that Hsp70 could directly bind to the pro-inflammatory transcription factor
NF-kB and its regulatory protein, and, in this way, Hsp70 could inhibit the
NF-kB pathway in stroke models (Ran et al., 2004). This inhibition resulted in
reduced transcription and translation of downstream NF-kB target genes, with
Hsp70 playing a neuroprotective role in this process. Moreover, other studies
have found that Hsp70 exerted neuroprotection through the microRNA (miR)-
122 pathway (Guo et al., 2018).

A study by Ren et al. (2004) found that valproic acid (VPA) played a role in brain
damage caused by transient focal cerebral ischemia in rats. One mechanism
of action was the up-regulation of Hsp70 expression in ischemic brain regions.
VPA is an inhibitor of histone deacetylase; one study showed that histone
deacetylase inhibitors trichostatin A and that sodium butyrate could increase
the transcription of Hsp70 in Drosophila melanogaster (Chen et al., 2002).
Some studies have shown that VPA could induce inactivation of glycogen
synthase kinase 3B (De Sarno et al., 2002), while glycogen synthase kinase
3B inactivation, with cytoprotective effects, could activate the transcription
of Hsp70 (Bijur and Jope, 2000). Taken together, the induction of Hsp70
transcription by VPA and other histone deacetylase inhibitors appears to be
associated with glycogen synthase kinase 3 inhibition, but the mechanism
by which VPA upregulates the expression of Hsp70 in ischemic regions of the
brain by inducing glycogen synthase kinase 3 inactivation in stroke needs to
be investigated. By studying the expression of Hsp70 in stroke, we can more
completely elucidate the involvement of Hsp70 in SIIS. Hsp70 can also exert
neuroprotection through the ubiquitin-proteasome system (UPS). The UPS is a
protein degradation system in cells, maintaining the normal function of cells,
tissues, and organs by breaking down abnormal or damaged proteins and
breaking down proteins with specific functions. Disruption of the UPS leads
to disruptions in cell homeostasis, leading to a variety of diseases, including
neurological disorders (Wang and Le, 2019). The proteasome is a multi-
catalytic protease complex and the major site of protein turnover in eukaryotic
cells (Inobe and Matouschek, 2014). The main function of the proteasome
is to degrade proteins, control protein abundance, and degrade misfolded
proteins through the UPS (Jankowska et al., 2013). Many studies have shown
that proteasome inhibitors can play neuroprotective roles in stroke and
have therapeutic effects on SIIS (Awasthi and Wagner, 2005; Tamura et al.,
2012; Doeppner et al., 2016). For example, after timed and multiple systemic
administration of the proteasome inhibitor BSC2118, the peripheral immune
response changed markedly to prevent stroke-induced acute leukocytosis
and to reverse subsequent peripheral blood immunosuppression (Doeppner
et al.,, 2016). One study showed that proteasome inhibitors could upregulate
the expression of Hsps by inhibiting the proteasome expression (Awasthi
and Wagner, 2005). Hsp70 acts as a physiological ligand of Toll-like receptors
(Tamura et al., 2012). After stroke, Hsp70 can reduce proteasome activity
and inflammation to participate in the pathophysiological cellular cascades of
cerebral ischemia. Through this process, Hsp70 plays a neuroprotective role
after stroke (Doeppner et al., 2018).
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In SIIS, both an increase in regulatory T-cells and a decrease in the cytokines
Th1/Th2 are important features, whereas elevated levels of autologous
Hsp70 in the circulation were shown to activate antigen-specific regulatory
T-cells and lead to a decrease in Th1/Th2 (van Eden et al., 2017). Moreover,
circulating Hsp70 is increased during stroke, so circulating Hsp70 may also
affect SIIS.

In conclusion, Hsp70 can affect the CNS, the system involved in the
development of SIIS (Ekimova et al., 2010), and the peripheral immune
system (Ekimova et al., 2010; Abg Abd Wahab et al., 2019). Further, in stroke,
Hsp70 may play a neuroprotective role at multiple levels, and in combination
with the tremendous neuroprotective effects in SIIS mentioned above. The
role of Hsp70 in SIIS has great research potential, and it is also involved in
many therapeutic methods (Doeppner et al., 2016, 2018; Figure 1).
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Figure 1 | Hsp70 can exert neuroprotective effects at the time of stroke onset and
thereby affect SIIS in a variety of ways.

Hsp70 can regulate the function of GABA synthetase, as Hsp70 can maintain GABA-
mediated inhibition; Hsp70 directly binds to NF-kB and its regulatory protein to inhibit
the NF-kB pathway, which plays an anti-inflammatory role, thus acting as a neuroprotector.
Hsp70 can also inhibit neuron and astrocyte apoptosis at the ischemic site of stroke by
inhibiting the translocation of Bcl-2 and preventing Fas expression on the cell surface;
Hsp70 can also inhibit UPS activity by decreasing the activity of proteasome and

exerting neuroprotective effects. Bcl-2: B-cell lymphoma-2; Fas: CD95; GABA: gamma-
aminobutyric acid; Hsp70: 70-kDa heat shock protein; NF-kB: nuclear factor kappa B; SIIS:
stroke-induced immunosuppression; UPS: ubiquitin-proteasome system.

Hsp90

As an important member of the Hsp family, Hsp90 plays a role in regulating
hormone signaling cascades and stress responses. The association between
Hsp90 and SIIS is supported by the fact that its multimeric chaperone
complex regulates the HPA axis, the system involved in the development
of SIIS. Hsp90 binds to FK506-binding protein 52, Hsp70, and P23 to form
a polymeric chaperone complex that regulates glucocorticoid receptor
activity through several feedback loops (Riggs et al., 2003). Specifically, the
multimeric chaperone complex of FK506-binding protein 52 with Hsp90 can
enhance glucocorticoid receptor activity, whereas FK506-binding protein 51
can inhibit this enhancement by competing for Hsp90, which enables the HPA
axis to regain homeostasis after stress (Riggs et al., 2003). This process has
been shown to inhibit the enzymatic activity of Hsp90, resulting in a decrease
in glucocorticoid receptor activity (Galigniana et al., 1998). Based on the
regulatory role of Hsp90 in the HPA axis, it is a potential therapeutic target for
SIIS.

Hsp90 is overexpressed in animal models of cerebral ischemia and has a
marked correlation with matrix metalloproteinase 9 (Qi et al., 2015). Qi et al.
(2015) found that inhibition of Hsp90 protected the integrity of the BBB in an
animal model of ischemic stroke by inhibiting the degradation of tight junction
proteins and inhibiting the inflammatory response and subsequent expression
of matrix metalloproteinase 9 after ischemic stroke. As mentioned above, BBB
disruption can lead to angiogenic edema and further brain damage, which
can affect the immune system. Therefore, protecting the integrity of the
BBB by inhibiting Hsp90 expression is a therapeutic direction that deserves
investigation (Zhou et al., 2021).

In ischemic stroke, ferroptosis also leads to BBB injury and neurological
damage (Bu et al., 2021). Hsp90 has been shown to promote the degradation
of glutathione peroxidase 4, leading to ferroptosis. One study showed that
Hsp90-associated chaperone-mediated autophagy promoted the degradation
of glutathione peroxidase 4 and led to ferroptosis by regulating the stability of
lysosome-associated membrane protein 2 isoform A (Zhou et al., 2021). Based
on the promoting effects of Hsp90 on ferroptosis in stroke, Hsp90 inhibitors
could play a neuroprotective role in the BBB by inhibiting ferroptosis.

In addition, Hsp90 can affect the induction of Hsp70, as Hsp90 binds to HSF1.
After dissociation from Hsp90, HSF1 is released and then binds to heat shock
elements, leading to an increase in Hsp70. This process also occurs in the brain
of patients with stroke, allowing Hsp70 to better exert its neuroprotective
effects, thereby affecting SIIS (Chaudhury et al., 2021; Figure 2).
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Figure 2 | Hsp90 plays multiple roles in SIIS.

When stroke occurs, the inhibition of Hsp90 can protect BBB integrity by inhibiting tight
junction protein degradation by inhibiting MMP9 expression; the inhibition of Hsp90

by Hsp90 inhibitors can also reduce the degradation of GPX4 in the brain during stroke,
thus reducing ferroptosis. In addition, FKBP52, a polymeric chaperone complex with
Hsp90, can enhance GR activity, FKBP51 can inhibit this enhancement by competing for
Hsp90, which plays a role in regulating the HPA axis and, thus, plays a role in SIIS. BBB:
Blood-brain barrier; FKBP51: FK506-binding protein 51; FKBP52: FK506-binding protein
52; GPX4: glutathione peroxidase 4; GR: glucocorticoid receptor; HPA: hypothalamic-
pituitary-adrenal; Hsp90: 70-kDa heat shock protein; MMP9: matrix metallopeptidase 9;
SIIS: stroke-induced immunosuppression.

sHsps

sHsps are a large family of molecular chaperones, and they help maintain
protein homeostasis under stress conditions such as high temperatures,
oxidation, and infection (Kurop et al., 2021). Hsp27 and HspB5 are sHsps
that are promising targets for SIIS. The expression of Hsp27 is very low in the
healthy brain, but it is highly expressed in a subset of normal motor neurons,
medial preoptic neurons, and Purkinje fibers. In healthy adult rats, Hsp27 is
also expressed in a variety of peripheral neurons in SNS and PSNS ganglia.
Hsp27 is also induced in astrocytes after cerebral ischemia (Behdarvandy et
al., 2020). Viral transfection of Hsp27 has been shown to prevent cerebral
ischemia and kainic acid-induced neuronal cell death in vivo and in vitro
(Stetler et al., 2009). The neuroprotective effects of Hsp27 may have an effect
on SIIS.

In a study on the cardioprotective effects of substance abuse-induced stress,
selectively blocking the receptor for the corticotropin factor-1 and gene
deletion of corticotropin factor-1 receptor antagonized adaptive changes in
the heart (Martinez-Laorden et al., 2020). These changes included an increase
in noradrenaline turnover, activation of the HPA axis, and a decrease in Hsp27
expression and phosphorylation. This indicated a connection between the
HPA axis and Hsp27 (Martinez-Laorden et al., 2020). At present, Hsp27 is
an attractive direction for the study of neuroprotection in stroke, as it is not
dependent on adenosine triphosphate and can affect the HPA axis, which is
highly involved in SIIS. Meanwhile, one study did not find that it aggravated
the adverse effects of ischemic brain damage (Martinez-Laorden et al., 2020).

HspB5 is one of the most widely distributed and typical human sHsps,
expressed mainly in the lens of the eye and induced during various types of
brain damage (Tedesco et al., 2022). It is one of the most abundant inducible
transcripts in patients with multiple sclerosis, especially in inflammatory
regions (Islam et al., 2020). HspB5 has anti-apoptotic and immunomodulatory
properties and is a negative regulator of inflammation. It has been shown
that HspB5 could affect the PSNS and had neuroprotective effects (Terrell and
Morrison, 2019).

The nicotinic acetylcholine receptors (nAchRs) are unique among more
than 20 known amyloid fibrillary receptors and plays a central role in the
inflammatory reflex, which is a physiological mechanism involving the vagus
nerve (Pavlov and Tracey, 2017). Among the amyloid receptors, the a7nAchR
is unique in the endogenous immune anti-inflammatory pathway associated
with the vagus nerve (Pavlov and Tracey, 2012). Researchers identified HspB5S
and amyloid fibrils as agonists of a7nAchR, which induce a common signaling
pathway leading to increased oxidative phosphorylation and autophagy
(inhibition of apoptosis) and induction of regulatory macrophages (Shao et
al., 2017; Rothbard et al., 2018). This could restrict T-lymphocyte proliferation
and cause proinflammatory cytokine reduction (Jiang et al., 2016; Shao et al.,
2017; Rothbard et al., 2018). Injection of HspB5 or amyloid fibrils could also
induce immunosuppressive pathways through direct binding of a7nAchR;
based on the role of the PSNS in SIIS, HspB5 has an effect on SIIS.

In a mouse model of MCAO, Arac et al. (2011) studied the specific effects
of HspB5 deficiency. They found that HspB5™™ mice had more brain damage
and immune cell infiltration in the bram Further, the number of different cell
populations in the spleens of HspB5™~ mice was also significantly reduced 2
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days after model induction. These inflammatory markers suggested that a lack
of HspBS may result in a more robust inflammatory response in MCAO model
mice (Urra et al., 2009; Arac et al., 2011). Through experiments in bone
marrow chimeras, Arac et al. (2011) also demonstrated that lesions in HspB5 ™7
MCAO mice were larger due to HspB5 deficiency. These studies suggested
that HspBS5 had an effect on brain damage after stroke and neuroprotective
effects. Further, Arac et al. (2011) evaluated the effects of treatment with
HspB5 on splenocyte cytokines 7 days after stroke in wild-type mice and
found that the total number of splenocytes did not differ between controls
and HspB5-treated mice. When stimulated with concanavalin A, splenocytes
from HspB5-treated mice released lower levels of proinflammatory IL-2, IL-
17, interferon-y, and IL-6 compared with control mice. However, the levels of
anti-inflammatory IL-10 released from HspB5-treated mice were higher. These
findings demonstrated that HspB5 plays an essential role in SIIS by influencing
the severity of brain damage, exerting neuroprotective effects, and affecting
peripheral immunity after stroke (Urra et al., 2009; Arac et al., 2011).

Kurnellas et al. (2012) showed a unique correlation between HspB5 chaperone
function, amyloid formation, and immunosuppressive activity. Moreover, the
formation of amyloid appeared to be at the core of its immunosuppressive
effects. They demonstrated that the endocytosis of amyloid fibrils by
peritoneal B-cells and macrophages stimulated their migration to secondary
lymphoid organs (Kurnellas et al., 2015). They also proposed two ways in
which HspBS5 could act to suppress immunity by reducing the production of
proinflammatory cytokines IL-6, TNF-a, and interferon-y, and via neutrophil
activation and induction of type-1 interferons (Kurnellas et al., 2014).

HspBS5 can affect SIIS via a7nAchR and can also provide neuroprotection after
stroke (Arac et al., 2011). This is of great clinical significance for the treatment
of SIIS and subsequent infections.

Other Molecular Chaperones

A previous study on periodontal disease showed that Hsp10 is a cellular stress
protein with immunosuppressive activity (Fucarino and Pitruzzella, 2020),
and Hsp10 also has anti-apoptotic and anti-inflammatory functions (David
et al., 2013). Moreover, the expression of Hsp10 in the brain is upregulated
after stroke, and the induction of Hsp10 in the brain after ischemia may have
neuroprotective effects (Kim and Lee, 2007), but the effects and mechanisms
of this in SIIS have not been reported.

Hsp60 is involved in the regulation of many cellular events including
apoptosis, cell proliferation, inflammation, and immunity (Tang et al., 2022).
It was found that nitric oxide could downregulate the expression of Hsp60
in the brain after cerebral ischemia, making nerve injury more severe (Bross
et al.,, 2012). It has been hypothesized that Hsp60 may affect SIIS through
neuroprotective mechanisms.

40 kDa catecholamine-regulated protein is a molecular chaperone that has
been little studied, but it has been shown to be associated with CNS diseases.
It may affect SIIS from multiple dimensions (Gabriele et al., 2009).

Conclusions

SIIS has a significant effect on the outcome of stroke, and SlIS-induced
systemic infections are conducive to the high mortality of stroke. In
addition to assisting in the non-covalent assembly and disassembly of other
macromolecular structures, molecular chaperones play an important role
in SIIS, with each type of molecular chaperone playing different roles. For
example, sHsps can affect SIIS via a7nAchR. Hsp70 can affect SIIS in many
ways, such as via neuroprotection. Hsp90 can affect SIIS by reducing brain
injury and protecting the BBB in other ways. In addition, some molecular
chaperones such as sigma-1 receptors also play roles in SIIS by exerting
neuroprotective functions. Molecular chaperones have considerable clinical
value and significance in the treatment and prognosis of SIIS. Currently, there
are still large gaps in the research on the role of chaperones in SIIS, and this
still needs study to fully realize the clinical value of this field.
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